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CHAPTER I

1. INTRODUCTION

1.1 Problem Statement
Deterioration of bridges and infrastructures has stimulated comprehensive
research efforts to find effective methods of rehabilitation. According to the ASCE
(2009) reports, the average age of a bridge in the United State is 43 years old, and 12.1%
of them were categorized as structurally deficient with 14.8 % functionally obsolete [1].
Some of these bridges have served more than their design lives and some of them were
designed at low load levels, in comparing with current design loads. However,
reconstruction of these bridges is more than annual expenditures in this area. This
condition required finding alternative methods for retrofitting and strengthening existing
structures.
In recent years there have been significantly increased efforts at all levels of
government to find needed repair, renovate or reconstruction of nation’s deficient
bridges. A reinforced concrete bridge deck might experience over

load cycles

during the 120-year life span; however, overpass traffic on a typical highway may
increase up to

stress cycles with different amplitude [2].
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One of the emerging systems that have been proven for strengthening and
stiffening concrete structure is the external application of fiber-reinforced polymer (FRP).
The FRP system similar to rebar improves significantly the tensile strength of concrete.
Corrosion resistance, high strength, light weight and ease of installation are the main
advantages of FRP composite of flexural concrete elements [3, 4, 5, 6]. A guide for the
design and construction of external bonded fiber reinforced polymer has been developed
by ACI [7].
One approach for enhancing the structural properties rather than environmental
protection is the external application of polyurea coating system [8]. Polyurea can
increase the toughness, decrease stiffness [9] and enhance the flexural strength of
concrete [8, 9].
Polyurea can be sprayed onto a substrate and make it chemical resistant and
waterproof [10]. It has been used as a high demand material to protect bridges, tanks and
pipelines because of high temperatures (-

C to

C) and high humidity endurance

[11].
In contrast to relatively extensive research on the monotonic response of concrete
beams strengthened with external laminates, comparatively few studies have been
conducted examining the fatigue behavior of strengthened RC members. Among the
literature, almost no experimental and analytical study has been found related to the
fatigue performance of RC beams with a polyurea coating system.
1.2 Objective
The main objective of this dissertation is introducing a secondary benefit of
polyurea (beside the environmental protection capability) for RC beams and investigating
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the fatigue performance of reinforced concrete beams strengthened with polyurea in
different coating levels. The detailed objectives are as follows:
1. To evaluate fatigue performance of unstrengthened and strengthened RC beams with
polyurea through conducting in-house experiments.
2. To develop an analytical model for RC beam with/without polyurea under fatigue
loading, and predict deflection-number of cycles as well as rigidity-number of cycle
relationship of the beams.
3. To characterize of polyurea coating system under cyclic loads using nonlinear elasticviscoelastic correspondence principle.
4. To perform regression analysis and come up with the new S-N curve and fatigue life
prediction model for strengthening RC beams with polyurea.

This dissertation presents the development and investigation of fatigue
performance of RC beams with/without a polyurea strengthening system per the
following outline:


Chapter II: An overview of previous research, studies and history of polyurea
application in civil engineering, polyurea material properties, failure mechanism,
damage growth and fatigue life of RC beams as well as the review of other relative
subjects.



Chapter III: Experimental studies; including the experiment preparations, test setups
and test results.



Chapter IV: Development of the direct analytical flexural model for RC beams
with/without coating under cyclic loading.
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Chapter V: Characterization of polyurea in repetitive load condition based on elasticviscoelastic correspondence principle.



Chapter VI: Presents fatigue life predictions for strengthened and unstrengthened
beams based on the linear regression and regularized regression analysis



Chapter VII: Conclusions and recommendations.
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CHAPTER II

2. BACKGROUND AND LITERATURE REVIEW

2.1 Polyurea
2.1.1

History and Background
Polyurea is a two component (Resin and ISO) polymer with predictable and

scalable material properties. The Polyurea Development Association (PDA) defines pure
polyurea as the reaction of a polyisocyanate part and an amine-terminated resin blends [12].
The resin may be made up amine-terminated polymer resins, and/or amine-terminated chain
extenders. The isocyanate component can be either aromatic or aliphatic. The reaction of the
ISO component with hydroxyl terminated resin makes polyurethane which requires the use of
a catalyst in order to facilitate the reaction of chemical whilst polyurea does not [12, 13, 14]

In 1948 researchers discovered that polyurea had a high melting point and
superior thermal properties in comparison with other polymers such as polyurethanes,
linear polyethylene and polyamides [15]. This ability made polyurea a high demand material
in the Reaction Injection Molding (RIM) process which was used to produce of body panels
of automobile [16]. In the 1970’s lots of work were done to develop the spray equipment
without changing the material properties to overcome the rapid gel time (the period of time
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that the resin changes from liquid to non-flowing gel) of 1-2 second for coating
applications.

Despite those studies to modify polyamines and increase the levels of

plasticizers and solvents, no acceptable technique was obtained for field performance [17].
However, by the late 1980’s technology of spray equipment had progressed such that
polyurea could be used in the coating industry [18].

The early polyurea formulation resulted in the gel time of around 2 seconds,
elongation of approximately 200% and tensile strength around 14 Mpa [18]. But
nowadays, the manufacturers produce polyurea with a wide variety of applications and
properties. Based on its application purpose, it is commercially available in the market
with different gel time, elongation and tensile strengths vary from 10 to 35 Mpa.
As a coating material, polyurea has been used in the construction area to protect
structural elements against corrosion, moisture, abrasion, and chemicals in a variety of
different applications. Some examples of typical applications of polyurea include concrete
floor coating, pond liner, water tank liner, truck bed liner and pipeline corrosion protection.
Since investigators have found that the most of the polyurea are sensitive to high strain rate
loads [19], it has become a popular material for protection of structures, and military vehicles
against explosion and blast loads [19, 20]. Polyurea has shown good adhesion to concrete,

wood and metal surfaces. The excellent flexibility in a wide range of temperature and
high toughness are other benefits of polyurea [21]. It has been tested as a field applied
structural adhesive for strengthening of the building in coastal construction [22].

2.1.2

Material Properties
Elastomeric polymers like polyurea are viscoelastic; therefore their mechanical

properties are intensely rate-dependent. They are mostly used in the structures as energy
6

absorbing materials. Understanding the static and dynamic behavior of these materials is
necessary for their applications as an effective retrofitting and protective material. They
are available in the market in a wide range of mechanical properties due to the ability to
change in the soft and hard structural domain during the chemical process.
Yi et al. [23] and Sarva et al. [24] performed a different set of compression tests
on polyurea using conventional split Hopkinson Pressure Bar (AHPB) to compare stressstrain behavior at low strain rates (

) with high strain rates (

). They

indicated that the polyurea showed a transition from rubbery behavior at low strain rated
to leathery behavior at very high strain rates. More recently continuous loading and
unloading experiments were implemented by Shim and Mohr [25] to describe large
deformation behavior of polyurea at a diverse strain rates under compression loading.
The uniaxial compression tests were performed using the hydraulic universal testing
machine for strain rates from

to

. They developed a new rate-dependent

non-linear viscoelastic finite strain constitutive model based on a rheological model
composed of two Maxwell elements. The model is able to predict the strain ratedependent relaxation behavior and loading of polyurea with reasonable accuracy.
Moreover, the model offers an acceptable prediction of rate dependent viscous dissipation
throughout the cyclic loading.
Grujicic et al. [26] worked on mechanical and physical characteristics of polyurea
by the segmented molecular-level microstructure of polymer which is includes soft and
hard microstructure segments. In their research, compositions of the microstructure are
indicated by the three-branch model of structural elements. The first branch includes a
single hyperelastic spring demonstrating the soft matrix which is able to undertake large
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elastic deformation. The second branch involves a hyperelastic spring (representing the
soft matrix) and a rigid element that denotes the initial non-deformable property of the
hard element. The third branch contains a hyperelastic spring and a structural plastic
element, which represents the large strain inelastic deformation behavior of the hard
segment. The hyperelastic springs in the first two segments control the initial elastic
mechanical behavior of the polyurea. However, when deformation and stress levels
extend to a higher threshold, the stress within the second branch start the breakdown of
the hydrogen bond in the hard segments. The consequence of this bond failure is
inelastic-plastic deformation and the degradation of stiffness in the polyurea.
Raman et al. [27] performed an experimental program to investigate the tensile
behavior of a polyurea sample at increment strain rates from 0.006

to 338

. Two

testing systems, Instron high rate testing system (for intermediate and high strain rate
tests) and MTS servo-hydraulic machine (for quasi- static and low strain rate tests) were
utilized in their study to determine key mechanical properties of material.
Figure 2.1 and Figure 2.2 show, the engineering stress-strain curves and true
stress-strain curves of polyurea at various strain rates respectively. It can be derived that
the stress-strain behavior of polyurea at high strain rate is significantly non-linear and
indicate extremely rate dependency. The stress-strain curves can be considered as ratedependent linear elastic/linear strain hardening. The tensile deformation of polyurea
represented three deformation steps; an initial linear elastic region, followed by a
transition region when polyurea start yielding and then approximate linear region before
failure.
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Figure 2.1 The engineering stress–strain curves of polyurea at various increasing strain
rates [27].

Figure 2.2 True stress–strain curves of polyurea at various increasing strain rates [27].

Moreover, it can be seen that the modulus of elasticity of the material is increased
with the amplification of strain rates. Initial stiffness of the polyurea at highest strain rate
is improved about four times compared with the quasi-static strain rate. However, it is
observed that there is no significant difference between tangent moduli after yielding in
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Figure 2.1. It proves that stain rate did not significantly affect the stiffness of polyurea
after yielding.
Raman et al. [27] analyzed the effects of strain rates on three key parameters of polyurea
include elastic modulus, tangent modulus and yield stress as a dynamic enhancement
factor (DIF). The relationships between strain rate and above parameters are plotted in
Figure 2.3 to Figure 2.5.

Figure 2.3 DIF for modulus of elasticity of polyurea and the curve fit of the proposed DIF
model.
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Figure 2.4 Tangent modulus of polyurea at increasing strain rates.

Figure 2.5 DIF for yield stress and the curve fit of the proposed DIF model.

As it can be seen in the above figures, elastic modulus and yield stress of polyurea
are significantly strain rate dependence, however; Figure 2.4 indicates that tangent
modules of polyurea at various strain rates are approximately consistent except at the
highest strain rates.
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2.1.3

Application
One of the main applications of polyurea in the industry, as mentioned before is

the protection of structural elements against blast loads. Yehia El-Din and G. Dvorak
created several finite element models for sandwich plates reinforced with polyurea
subjected to blast loads. A comparison was made between control plate and those
strengthened plates with an interlayer polyurea. Simulations were done for an extended
time period of 5.0 ms under an exponential pressure impulse lasting for 0.05 ms, with a
peak pressure of 100 MPa. Results indicated that using a thin layer of polyurea, reduced
core compression overall deflection, kinetic energy and dissipated and stored strain
energy of plates compare to the conventional design. This was attributed to the potential
of polyurea to store the energy and performing great stiffness under impulse pressure.
Whereas blast pressure produced a strain rate of

, the strain in polyurea

interlayers was much smaller [28].

Figure 2.6 Cross-sections and loading of conventional and modified designs of sandwich
plates [28].
12

S.A. Tekalur et al. experimentally evaluated sandwich layered composite material
comprising with polyurea for blast resistance using shock tube. They made rectangular
plates of layered composite and plain-woven composite, simply supported along two
sides and free along the outer edges exposed to controlled blast loads. Dynamic bending
was observed with high-speed camera during testing. Results showed that addition of
polyurea layer on the front face significantly increases the blast resistance. Moreover, the
sandwich plate that was covered with two layers of polyurea obtained the best blast
resistance compared with layered and composite plates [29]. According to a research
developed by J. Leblanc et al. (2012), experimental tests were done to assess the effects
of polyurea coating on the response of E-Glass/Vinyl ester composite panels in
underwater explosive loading. The result displayed that better performance is gained
when the back face of the panels was coated in comparison with the front face (loaded
face). Additionally, they indicated the improvement in flexibility by increasing the
thickness of polyurea. [30].
In the another effort to evaluate polyurea coating in high strain rate loading, M. R.
Amini et al. (2009) investigated numerically and experimentally the influence of polyurea
on response of steel plates under impulsive load in direct pressure-pulse. In this research,
an impulsive pressure pulse was applied through soft polyurethane or water to steel plate
samples that supported by hollow steel cylinder which was simulated shock loading with
the high pressure of 80 MPa and duration of 50 μs. The samples were divided into two
categories, monolithic steel plate and steel polyurea bilayer plates. The experimental
result represented that the addition of polyurea on the back face of steel plates improves
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the energy absorption of the plates and reduced the risk of the failure. Surprisingly, when
polyurea presences on the front side, it will increase the effect of initial shock and
magnify the chance of their failure [31].

Figure 2.7 Selected bilayer samples with displayed polyurea thicknesses, deformed at
different (indicated) input energy per unit thickness. Bilayer samples with polyurea cast
onto the front face (top row), and bilayer samples with polyurea cast onto the back face
(bottom row) [31].

2.2 Fatigue Performance of Strengthened RC Beams
Research regarding fatigue behavior of reinforced concrete (RC) structural
members initiated as early as identification of fatigue performance in concrete. The
influence of cyclic fatigue can be observed in bridges. Movements of vehicles transfer
live load in certain amplitude during a certain period to the bridge girders. If low-stress
magnitude is applied in a certain frequency, results in high-cycle fatigue behavior and
vice versa if structural member is subjected to high stress amplitude low cycle fatigue
will take place.
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One of the emerging systems that have been proven for strengthening and
stiffening of the concrete structure is the external application of fiber-reinforced polymer
(FRP). The FRP system similar to rebar improves significantly the tensile strength of
concrete. Since last two decades, comprehensive researches have been done to investigate
the fatigue performance of strengthened RC structural members with FRP.

The

durability of strengthened RC beams can be justified by fatigue loading, which may cause
in the deterioration of one or more structural elements (concrete, steel and FRP) or
weakening of the bond between them.
In the following sections, fatigue behavior of constituent materials of
strengthened RC beams will be investigated and then previous research progress on the
fatigue performance of RC beams with a variety of strengthening systems will be
analyzed.

2.2.1

Fatigue of Concrete
Fatigue is the process of cumulative damage that caused by reaped loads.

Mechanism of fatigue in concrete was not well understood due to lack of reliable theory
for concrete failure and experiment difficulty for conductive research investigation.
The fatigue results of concrete and steel are typically represented in the form of
stress versus number of cycles as illustrated in Figure 2.8. For steel, the curve
breakdowns and become parallel to the horizontal axis which is called endurance limit.
For the concrete, the curve continues descending and the strength at any number of cycles
is named fatigue strength.

15

Figure 2.8 Schematic diagram of fatigue strength versus number of cycle curve [32].

Effect of cyclic loads on concrete is similar to creep, increasing the number of
cycles cause the increase of concrete strain. The tested experiments have shown that the
accumulation of strain due to varying load is more than creeping due to a constant load
equivalent the average of cyclic load. Numbers of parameters such as stress range,
maximum stress, humidity and ambient temperature affect the above difference [33].
According to a study by Mehmel [34], the fatigue strength of typical concrete is
approximately 47-69% of its compressive strength.
Many researchers [33, 35, 36] have proved that strain-stress response of concrete
varies with the growing number of loading cycles. In initial loading cycles, stain-stress
relationship is a concave shape, then follows by a straight line and ended with convex
shape before failure. In most structures, concrete in service load is subjected to the lowstress level and high –cycle fatigue is not occurred occasionally. Therefore, above authors
assume straight-line stress-strain relationship for concrete that is subjected to uniaxial
cyclic service loads.
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Holmen [36], proposed that the total strain in concrete at any number of cycles
and at any time is the sum of two parts. The first part strain is due to the endurance of
specimen

, and the second strain component is related to the time of the loading that

is creep strain

.
(2.1)

Holmen, observed three phases of strain development from observed data of
concrete samples that were subjected to cyclic loading. In the first stage, strain grew
rapidly until approximately 10% of total fatigue life (Number of load cycles to failure). In
the second phase; he recorded a uniform increase between 10% to about 80% of total
fatigue life followed by a rapid strain increase until failure. Holmen proposed the
following expressions to describe the first two phases:
Phase I:

|

(2.2)

|

Phase II:

|

Where

= number of load cycles;

maximum total strain:

(2.3)

|

= number of load cycles to failure;

initial second modulus; t = duration of load in hour;

ratio of maximum compressive stress to ultimate strength;
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=

characteristic stress level

=

+ RMS;

loading)

= mean stress ratio; RMS = root mean square value (for sinusoidal
.

Koh et.al [37] stated that when stress levels in concrete is less than 50% of its
compressive strength; creep strain is approximately proportional to the magnitude of
applied stress level. He specified that rather than stress level, creep strain depends on
many factors such as testing frequency, the number of cycles, the composition of
concrete, environmental conditions and the age of the concrete. Deformation of younger
age concrete under cyclic load is slightly more than older age concrete since the creep
strains are developed faster in younger age concrete than older age concrete. It should be
noted that the generation of creep strain in over reinforced concrete beams is more
considerable than under-reinforced concrete beams.
Based on the calibration of test results of Holmen and Bennet and Raju [35], ElTawil et al. [38] proposed the following equation for the effective elastic modulus (

)

of concrete under fatigue loading.
(

)

(2.4)

According to the above model, compressive stress-strain relationship is the
function of the number of loading cycles and the applied stress. The proposed stress,
strain curves are shown in Figure 2.9.
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Figure 2.9 Proposed constitutive model for concrete under fatigue loading [38].

To simulate the concrete fatigue behavior at the cross section of the beams,
loading cycles divided to set of 10,000 cycles, and it is assumed that the stress - strain
relationship does not change within each set of cycles. As it is shown in Figure 2.9, the
total maximum strain is equal to the cyclic creep strain plus elastic strain. El-Tawil et al.
[38] analyzed the stress variation in concrete by the principal of superposition. They
stated that cyclic creep strain response of concrete in different stresses is the sum of
responses to each of them separately. To develop above constitutive model, analysis of
moment-curvature of the beam at cross section was conducted by El-Tawil et al. for each
block of cycles. The objective of this step of their research was to gain minimum and the
maximum value of stress in each fiber correspondence to a minimum and maximum
moment. The value of stresses calculated for each monotonic analysis is used for input of
next set of the cycle and new stress-strain curve is obtained using Equation (2.1)-(2.4).
To determine the response of cross section for any number of cycles above process is
repeated.
19

2.2.2

Fatigue of Steel
Comprehensive research has been carried on the fatigue behavior of reinforcing

steel bar during the past decades. Mander [39] and Apostolopoulos [40] investigated the
low-cycle fatigue response of steel reinforcement. They concluded that the maximum
value of applied stress and stress range are two variables that affect the fatigue behavior
of steel reinforcement. When the steel reinforcement is subjected to high stress cycles,
low cycle fatigue occurs, and while it is subjected to low stress cycles, high fatigue cycle
takes place. They emphasized that the corrosion of steel is another factor that affect the
fatigue life of reinforcement bars. It decreases the cross section area of steel and causes
an increase in the effective stress. The increase in effective stress leads to a reduction in
fatigue life in comparison with those of un-corroded steel bars.
In the most of civil engineering applications like bridge girders, steel stress
amplitudes during the cyclic load are lower that than the design codes. Therefore, the
mechanism of fatigue in steel usually takes place in the elastic ranges. Accumulation of
stains on the surface of steel bar, create slip bands which cause the initiation of surface
cracking. By growing of the fatigue cracks, the cross section of reinforcing bars reduces,
and the effective stress increases, which in some critical locations reach the yield point
[41].
2.2.3

Fatigue of Typical Strengthening System
One of the objectives of the current dissertation is to investigate the fatigue

behavior of the external polyurea coating system. Up to date, almost no experimental or
analytical research has been found related to the fatigue behavior of polyurea. Since FRP
has been used as a typical external strengthening system in the most structural members
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and the results of this research are going to be compared with other strengthening systems
like FRP, this section of the study briefly presents the review of literature related to the
fatigue behavior of FRP.
The dispersion in fatigue life of FRP is inherent because of nature of the
composite material. Many factors affect the fatigue life and performance of FRP. These
comprise material properties such as the type of fiber and resin, fiber volume ratio or
material testing variable such as stress ranges, the number of cycles and frequency [42].
Toutanji et al. [43] performed cyclic tests on CFRP coupons in different stress
⁄

level (

ratio of 0 and 0.2

where

is the ultimate tensile strength of FRP coupon) at two stress
⁄

where

, is the minimum fatigue load and

is

the maximum fatigue load). Elastic modulus and ultimate tensile strength of coupons
were 78 GPa and 545 MPa respectively and fiber volume ratios of coupons varied from
40% to 50%. The relationship between stress ratio, stress level and fatigue life are
plotted in Figure 2.10. Stress level is linearly proportional to the logarithm of fatigue life
of FRP coupons, increasing the stress ratio outcomes to increasing the fatigue life.
Therefore, the following equation was proposed by regression analysis to extrapolate the
fatigue life of FRP composite.
(2.5)
Where

is the constant value determined experimentally by regression analysis,

0.067 when R is set to 0, and

= 0.064 when R is set to 0.2.
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Figure 2.10 Regression analysis of fatigue life of FRP coupons

Reifsnider and Jamison [44] worked on fracture trends of fatigue-loaded
composite laminates. They concluded that residual stress and damage accumulation of
FRP represented by three separate sections. In the first section, due to the rapid reduction
of the residual strength, quick increase in accumulated damage occurs. The trend of
damages continues at a lower rate for the second region and residual strength is almost
constant in this stage. Eventually, a quick increase in damage and a reduction in strength
take place during the final region before to failure.
2.2.4

Research Progress in Fatigue Performance of Strengthened RC Beams
In the last two decades, a number of researches have been done in the area of

strengthening of reinforced concrete beams. The geometric properties of beams,
strengthening system (EB sheet, EB stripe and NSM), type of fiber (Carbon, Steel,
Hybrid, Glass and Aramid), anchorage systems, Pre-damage, Environmental conditions
and rationale for fatigue testing are important parameters and variables that have been
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considered in those investigation. The current dissertation mainly focuses on just research
progress on flexural behavior of RC beams when it is subjected to fatigue loading.
The main objectives of former studies are (1) evaluating the serviceability of
strengthened RC beams and comparing with those of identical un-strengthened RC beams
and (2) predict the fatigue life of strengthened and un-strengthened beams by developing
the S-N curve for reinforced components. The details for above objectives will be
discussed in this study.
By research among the literature, it was found that experimental programs in the
area of fatigue loading can be classified into three categories with regard to selected
apply loads.


Category I: load application for both strengthened and un-strengthened beams are
same. This load category is best to show the amount of improvement in fatigue
life and serviceability, after retrofit and rehabilitation of RC beams. E.g. [2, 45,
46, 47].



Category II: loads of both strengthened and un-strengthened beams are designed
to apply the same stress range in steel reinforcements. This load category is
recommended by a number of authors to show the best compression for unstrengthened and strengthened RC beams. Fatigue life for both cases is
demonstrated almost the same results, since steel rupture is the common failure
mode for RC beams subjected to fatigue loading. E.g. [48, 49].



Category III: In both strengthened and un-strengthened beams, the same
percentage of their ultimate load capacity is applied. E.g. [50, 51, 52].
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The main objective of strengthening beams is to reduce the stress level in steel
reinforcement. Fatigue damage is negligible in some materials, especially metals when
subjected to cyclic loads below the endurance limit. This means expected fatigue life is
very large if stress maintained in this limit. To design strengthened RC beam, stress
ranges in steel and other components should be limited according to design code. ACI
[53] and AASHTO [54] indicated theoretical thresholds for steel stress in design on RC
beam as represented in equations (2.6) and (2.7) respectively.
(ACI)
(AASHTO)
Where

and

(2.6)
(2.7)

are the stress range and the minimum stress in tension steel

respectively, and (r/h) is the ratio of steel radius to the height of the rolled-on transverse
deformations.
The most common way to evaluate the fatigue behavior of a material is by mean of
stress-service life (S-N) method. In this method, numbers of the sample are subjected to
cyclic loads with different stress amplitudes up to failure or reach a predetermined
number of cycles that assumed as infinite fatigue life. The results are plotted to develop
an S-N curve that represents the stress ranges versus number of cycles to failure.
It is the general consensus by numerous researchers that fatigue life of both
strengthened and unstrengthened RC beams is controlled by fatigue strength of
reinforcing bar [43, 45, 46]. To date, many relationships have been proposed to estimate
the fatigue life of reinforcing steel with regard the applied stress. In this section of the
literature review, numbers of the most important relationships are presented.
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The first relationship developed by Helgason and Hansen [55]. The results were
based on tests of plain reinforcing rebar in the air. They derived the following linear
regression model for fatigue service life.
(2.8)
Where

= stress ranges in tension steel rebar and N = number of cycles to failure

or fatigue life.
Moss [56] developed S-N curve for steel reinforcement, but instead of testing rebar
in the air, the reinforcement was embedded in concrete and was subjected to axial cyclic
loads. Following equation represents the S-N curve of Moss.
(2.9)
curve =8.7 and K=0.11 1029 for the

Where m= inverse slope of

mean line of the relationship and K=0.59 1027 for the mean minus two standard
deviations line.
For above equation, additional investigations have done by CEB [57] and Mallet
[58] to modify m and K values. In the modified equations, m and K depend on endurance
range and diameters of reinforcement bar. The following table shows the modified values
for equation (2.9).

Table 2.1 Modified m and K values
Endurance Range
m

K

N < 500000

5

4.33 1017

500000 < N < 107

9

1.54 1027

N > 107

11

1.54 1031
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Meneghetti et al. [59] collected the data from the literature and adjusted regression
model for fatigue lives of steel in plain RC beams and proposed the following equation:
(2.10)

Plenty of work has been reported on the fatigue behavior of FRP strengthened
beams. The collected data indicate that the presence of a strengthening system such as
FRP improves fatigue life in the steel reinforcing compare with an unstrengthened beam
in the same load condition. Table 3 and Table 4 represent the relationship between
fatigue life and steel stress level for RC beam embedded in different strengthening
systems. These equations are proposed by a number of authors from observed data,
Figure 2.2 shows a comparison between proposed fatigue levels in various systems.
They have been reported by researchers or obtained from data in the literature.

Table 2.2 Fatigue life equations for steel reinforcement embedded in strengthened RC
beams
Fatigue lives prediction
Strengthening
Author
Component
(2.11)
GFRP
Papakonstantinou et al.
[60]
CFRP
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Hefferman and Erki [61]

(2.12)

CFRP (T Section) Aidoo et al. [62]

(2.13)

CFRP

Toutanji et al. [43]

(2.14)

SFRP

Minnaugh and Harries

(2.15)

[63]
Dong et al. [64]

(2.16)

Multiple
Component
Multiple

Meneghetti et al. [59]

(2.17)

Oudah and El-Hacha

(2.18)

Component

[32]

CFRP

Table 2.3 Fatigue life equations for steel reinforcement embedded in strengthened RC
beams
Fatigue life prediction
Strengthening
Author
system
EB-Strip
Oudah and El-Hacha [32] (3.31)
EB-sheet

Oudah and El-Hacha [32]

(3.32)

NSM

Oudah and El-Hacha [32]

(3.33)
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Figure 2.11 Comparison of Fatigue Life Prediction Models.
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CHAPTER III

3. EXPERIMENTAL INVESTIGATION
In this study, a total of seventeen RC beams with/ without an external application
of polyurea coating system were made and conducted under four-point bending tests.
3.1 Constitutive Materials
3.1.1

Concrete
Normal weight ready-mixed concrete with 28 days compressive strength of

35MPa was used to construct the beams. Cylinder tests were performed to obtain the
actual compressive strength of concrete at the time of testing; average compressive
strength was 38 MPa with a standard deviation of 0.14 MPa.
3.1.2

Steel
Grade 60 steel rebar was used as tension and compression reinforcements in this

project. For tension side reinforcement and stirrups No. 3 (9.5 mm in diameter) rebar
were placed and No. 2 rebar were used as compression reinforcements.
3.1.3

Polyurea
For the work in this dissertation, a novel polyurea was used that could be sprayed at

both low pressure and low temperature. For this research, an aromatic sprayable polyurea
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with rapid gel time produced by Creative Material Technologies, Ltd in Palmer,
Massachusetts was used. The main properties of the polyurea are listed in according to the

report of the manufacturer.
Table 3.1Polyurea Performance Characteristics
Test Name
Adhesion (concrete)
Elongation
Tensile strength
Poisson’sRatio
Shore D Hardness

Test Method
ASTM D4541 [65]
ASTM D638 [66]
ASTM D638 [66]
ASTM D2240 [67]

Result
17.24 (MPa)
700 %
19 (MPa)
0.26
55

3.2 Beam Specimen Geometry Design
A total number of seventeen beams in two types of RC beam and RC beams with
an external application of polyurea coating system were made. All beams were fabricated
in accordance with ASTM standard practice [68], which includes a length of 1830 mm (6
ft), a width of 102 mm (6 in) and depth of 152 (6 in) mm. The details of reinforcements
and dimensions of the beam are shown in Figure 3.1 and Figure.3.2.

Figure 3.1 Beam length, reinforcement diagram and loading layout
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Figure.3.2 Typical beam cross section with and without polyurea coating.

This configuration of reinforcement demonstrated the tension-controlled (under
reinforcement) RC beam. Shear reinforcement was designed based on ACI [69], all
beams consist of No. 3 stirrups spaced at 71 mm over the length of the beam (except 406
mm at the center) to ensure flexural failure.

3.3 Specimen Preparation
3.3.1

Preparation of RC Beams
Formworks were built for preparing eighteen RC beams according to geometric

design (See Figure 3.3)

31

Figure 3.3 A Sample of Formwork

According to the above design, the reinforcement skeletons were built after
cutting the steel rebar and stirrups. Tie-wire was used to connect stirrups to bottom and
top rebar.

Figure 3.4 Tie-Wire connections and Skeletons of Rebar

Figure 3.5 Place the Rebar Skeletons in the Formworks
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Ready-mixed concrete was ordered from Sherman Concrete Inc and cast into the
formworks. Rather than casting concrete to formworks, numbers of cylinder specimen
samples were obtained to double check the compressive strength of concrete. Afterward,
tamping was done by the tamping rods and vibrator. In order to cure of RC beams,
waterproof plastic sheets were placed on the formwork to cover the specimens.
Specimens were watered every day until 28 days when they were demolded.

Figure 3.6 Curing of Specimens

3.3.2

Surface Preparation for Polyurea Application
Accordingtothepolyureamanufacture’sinstallationguide,theconcreteshallbe

structurally sound, stable and free of dirt, grease, surface laitance, containment, and other
potential bond-breaking substance that could impair adhesion. All gauges, crack and
other surface defects need to be addressed before coating installation. Moreover,
substrate temperatures must be above 0o C with relative humidity less than 60% during
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installation of the coating. Installation guide describes the details for roughening and
priming of concrete and it emphasizes that any other curing and installation conditions
beyond the report’s guidelines may decrease extremely the adhesion between polyurea
and concrete substrate. In the current experimental program, after the curing period,
substrates of twelve beams were prepared (three sides) according to the above
specifications and along with ASTM [70] for coating application.
In order to achieve extensive adhesion between polyurea and concrete, the concrete
surfaces were roughened by a diamond grinder until the expose of aggregate. Roughened
concrete surfaces were cleaned and dried. Then all cracks, seams and joints were filled
with high elastomeric primer. The primer was allowed to become “tack-free” (after
around 2 hours) prior to coating.

Figure 3.7 Surface Preparation before Priming
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3.3.3

Polyurea Coating Method
Creative material Technologies developed polyurea that can be sprayed at

pressure 400 kPa or lower by using a special spray gun (Figure 3.8). For this study, the
low-pressure cartage system was used which include two 750 ml cartages in equal mix
ratio as well as a static mixer to properly mix two sides. It is recommended to place the
polyurea in an upside down orientation for the 24 hours before spraying since
sedimentation of pigment is expected during the storing period. Then, before using the
polyurea gently shake the cartages by hand to properly mix the pigments.

Figure 3.8 Polyurea components and Static Mixer

The setup for sparring includes connecting the spray gun to a compressed air
supply, places the cartages into the gun, attached static mixer to cartages and connect the
static mixer to the

valve (Figure 3.9). The air regulator was adjusted to ensure that

supplied pressure at sprayer is 650 kPa. Before connecting the spray gun to the air
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supply, air control and the

valve must be both in the closed position to prevent

damage to pressure gage. The knob on the bottom of sprayer gun controls the speed of
the piston and the flow rate of material onto the specimen. The best moving speed is
such that the piston moves slowly in a stuttering mode. The final step of spraying
adjustment is turning the

Valve, referring to manufacturer manual for this type of

polyurea it should be 105 kPa to obtain a uniform distribution of polyurea along the
specimens.

Figure 3.9 Spray Gun System Components

At this step the spray gun is setup and the proper protection of skin and cloth must
be put on. To protect skin from polyurea particles, wearing the overall is recommended
that cover whole body skin. Additionally, gloves should be put on during the handling of
polyurea. The important part of safety equipment is respirator with a face shield to
avoiding breathing problem. Polyurea should be sprayed in a room with an exhaust
system in which all vapors are exhausted from spraying room.
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Coating of polyurea with a constant thickness is found to be a problem that was
not completely solved. Therefore, in order to determine the applied thickness
approximately, a wet film thickness gauge was used to take a measurement at a point
away from the critical section.
The beams were placed upside down to spray three sides in a U-shaped jacket. It is
noted that before coating of RC beams, the polyurea was applied on some concrete
surface samples to investigate the quality of the coating. It was found that the polyurea
began to show ripples when it reached a thickness of approximately 6 mm. Thus, to reach
consistent thickness, it was decided to select 5 mm for the value of the maximum coating
level.

Figure 3.10 RC beams with a polyurea coating system
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3.4 Testing Methodology
3.4.1

Concrete Compressive Test
A total of ten 4 by 8 cylindrical concrete samples (Figure 3.11) were made and

cured for the compressive test along with the concrete casting of RC beams specimens.
The compressive test machine is shown in (Figure 3.11). The actual compressive strength
of the samples at the time of beam tests was obtained by calculating the average value of
all samples.

Figure 3.11 Concrete Cylindrical Samples and Compressive Test Setup

3.4.2

Monotonic Four-Point Bending Test
A total of three RC beams with/without the polyurea coating system were

conducted under monotonic four-point flexural loading. The loading configuration is
shown in the Figure 3.12. Each coated beam was equipped with three electrical resistance
strain gauges, two gauges were attached to polyurea surface at bottom mid-span and one
is attached to concrete on top of the beams. For uncoated beams, just one electrical strain
gauge was used on the compression side of the specimen.
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Figure 3.12 Loading Configuration

Monotonic tests, as well as fatigue tests were performed by MTS electro-hydraulic
universal testing machine. Two linear variable differential transformers (LVDT) were
used, one at mid-span and one at support to take displacement measurements
(Figure 3.13). To perform monotonic tests, the MTS machine was set in the displacement
control mode with a rate of 1.5 mm/min to reduce the dynamic effect on structural response.

Figure 3.13 Data Acquisition System

The peak recorded load was measured as the ultimate flexural capacity of each
specimen. The load-deflection variations of three beams, as well as ultimate flexural
capacities are shown in Figure 3.14. As can be seen, ultimate flexural capacities in the
coated beams are greater than in the control uncoated beam. The coating system of 5 mm
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polyurea thickness, improved the flexural capacity by 17.3%, whereas the beam with
thinner coating, showed an increase of 9.2%.

Figure 3.14 Monotonic Test Results

All beams demonstrated a similar mode of failure. Although the crack pattern could
not be observed in the coated beams, flexural cracks were monitored in the control beam
that developed from tensile face. Failure in all samples initiated by yielding of rebar and
followed by crushing of concrete in compression section at midspan. Polyurea
represented a good adhesion with the concrete surface and no signs of deboning and
slipping were found by inspection after failure.
Rather than monitoring of ultimate capacity, deflection and ductility of the beams
were observed during the monotonic tests. As expected, the coating system, which
enhanced the ultimate flexural capacities of beams, provided greater ductility for the
system. Ductility of beams is defined as the area under load-deflection curve prior to
failure. To analyze the relative amount of enhancement, ductility indexes (D.I) were
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calculated. The value of D.I. is defined by dividing the area under the load-deflection of
coated beams by the same area under the control beam. The control beam shows the
value of 0.92 kN-m, whereas two coated beams show values of 1.3 kN-m and 1.38 kN-m,
respectively. Ductility index and ductility values of beams are listed in Table 3.2.
Table 3.2 Ductility Index Summary
Beam
Notation
Are (kN-m)
Control beam
C-B-M
0.92
2.5 mm
P-B-M-1
1.3
5 mm
P-B-M-2
1.38

3.4.3

D.I.
1
1.42
1.5

Cyclic Four-Point Bending Test
A total of fourteen RC beams in three categories (Uncoated, 2.5 mm polyurea

coating and 5 mm polyurea coating) were tested under four-point cyclic bending loads.
The loading configuration and attached instruments were similar to the monotonic test,
which is shown in Figure 3.12. The parameters for cyclic loading include; minimum load,
maximum load, frequency and cyclic load shape. In this study, based on the suggestion of
previous literature all tests were carried out by constant amplitude sinusoidal loads with a
frequency of 2 Hz to avoid the hysteresis effects [71]. Minimum loads for all beams were
selected as 12% of ultimate loads in each category and maximum load which is defined
by the ratio of maximum applied load to the ultimate strength of each beam were selected
as 60%, 70% 75%, 80% and 85%. Table 3.3 shows the summary of test matrix and
applied loads. This dissertation aimed to evaluate the fatigue load condition of specimens at
highest range of typical service loads (60%) [72] as well as investigation of beams in critical
load conditions to obtain the fatigue life of RC beam in both strengthening and
unstrengthened situations.
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Table 3.3 Summary of test matrix
Beam

Loading

Coating
Thickness
(mm)

Min Fatigue Load level
(percent of ultimate static
load)

Max Fatigue Load level
(percent of ultimate static
load)

C-B-M

Monotonic

-

-

-

P-B-M-1

Monotonic

2.5

-

-

P-B-M-2

Monotonic

5

-

-

C-B-F-1

Fatigue

-

12%

60%

C-B-F-2

Fatigue

-

12%

70%

C-B-F-3

Fatigue

-

12%

75%

C-B-F-4

Fatigue

-

12%

80%

P-B-F-1

Fatigue

2.5

12%

60%

P-B-F-2

Fatigue

2.5

12%

70%

P-B-F-3

Fatigue

2.5

12%

75%

P-B-F-4

Fatigue

2.5

12%

80%

P-B-F-5

Fatigue

2.5

12%

85%

P-B-F-6

Fatigue

5

12%

60%

P-B-F-7

Fatigue

5

12%

70%

P-B-F-8

Fatigue

5

12%

75%

P-B-F-9

Fatigue

5

12%

80%

P-B-F-10

Fatigue

5

12%

85%

MTS machine for fatigue tests were conducted on load control mode. Moreover, a
maximum recorded cycle for testing was set as two million cycles refer to the former
literature [72]. Tests were automatically stopped when piston displacement reached a
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preset value or when the load reached a preset number in order to protect the machine
from damage.
In order to check the accuracy of strain values and monitor the damage
accumulation and its effect on the deflections, for first hundred thousand-cycle, the
frequency of cyclic loads were reduced from 2 HZ to 0.01HZ in each ten thousand
cycle’s intervals. All beams except those with load amplitude of 60% were fractured
before reaching 2 million cycles. The detailed results of the experimental program will be
discussed in the following chapters.
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CHAPTER V

4. ANALYTICAL FLEXURAL MODEL FOR CYCLIC LOADING

4.1 Analytical Model
In this study, a model is developed to predict the flexural rigidity and deformation
of RC beams in fatigue load conditions. The model is based on the influence of cyclic
loads on degradation of mechanical properties of concrete. This model is created by
considering the change of concrete elastic modulus and effective moment of inertial
during cyclic loading. The effective moment of inertia here is not only associated with
service moment and cracking moment but also related to fatigue degradation of concrete
properties.
Before beginning the analytical model, it should be noted that this model only
applicable for specimens with low maximum cyclic load ranges (service loads), where
the cyclic load range is considered as a fraction of ultimate load. For this study the
proposed model will apply for RC beam with and without a polyurea coating system and
the results would be compared to experimental tests on beams that have been subjected to
fatigue loading with the maximum load level of 60%.
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First, the effect of cyclic loading on concrete degradation is estimated using the
following empirical equation developed by Holmen [36]

(4.1)

Where

the number of cycles to failure and

= ratio of maximum stress to

concrete compressive strength.
In this study predictive model has proposed by modifying above empirical equation
to equation (4.2) which is flexible to different stress levels.
(4.2)

Where

and

are cyclic-dependent values of

and

respectively.

As mentioned above in the previous chapter, El-Tawil [38] proposed Equation
(2.4) for effective elastic modulus of concrete under fatigue loading. The following
equation is adopted to determine the effective elastic modulus of concrete when the
number of cycles to failure of concrete is changing along the increment.

(

Where

(4.3)

)

= the effective elastic modulus of concrete at N cycles;

secant modulus of normal weight concrete (

;

= initial

= maximum total strain

in the first load cycle.)
When the maximum moment

in the RC beams due to the service loads

applied to the beam is greater than the cracking moment
following equation to derive an effective moment of inertia.
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, ACI [69] adopted the

(

Where

(4.4)

)

= moment of inertia of the gross cross section, neglecting the steel;

= cracking moment;

= effective moment of inertia;

= cracking moment of inertia.

Experimental results presented by Barsom and Rolfe [73] proposed that the elastic
modulus for steel rebar remains unaffected until just before failure in high cycle fatigue
condition. In addition to steel, in the following calculations, constant elastic modulus for
the external strengthening system is also assumed.
Modulus of rupture of concrete for monotonic loading is taken from ACI;

√

Where
taken);

(4.5)

0.012 to 0.021 for SI units, (In this study conservative value for

is

= unit weight of concrete (kg/m3) [74].
To obtain the cyclic-dependent modulus of rupture

of concrete, author [75]

and Wang [75] proposed Equation (4.6) through regression analysis of test data from a
research performed by Olek et al. [76].

√

(

)

(4.6)

The effective moment of inertia is affected by growing cracks in the concrete and
changing the depth of the neutral axis along the section. The cyclic-dependent effective
moment of inertia

is proposed in this study by following equations.
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(4.7)

(4.8)
The equilibrium of the equation was written to obtain the cyclic-dependent neutral
axis ( ) for a reinforced rectangular RC beam strengthened with a U wrap polyurea
coating system.

Figure 4.1 Schematic beam design

(

(4.9)

)

To calculate the cracking moment of inertia, Equation (3.10) is modified in this
research.

(

(4.10)

)
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Where

is the cycle-step;

is cyclic-dependent cracking moment;

cyclic-dependent cracking moment of inertia;
section area of tension rebar;

;

;

is

= cross

= cross section area of compression rebar.

The predicted mid-span deflection corresponding to a certain number of cycles
presented in Equation (4.11) with respect to the cyclic-depended effective moment of
inertia and the elastic modulus.

[

( ) ]

(4.11)

Where L = length of the beams; B = distance between supports and loading points.
The summary of the above calculation is shown in the following flowchart.
In the above calculations, the following assumptions were considered.
1. Perfect bond was assumed between concrete and polyurea and the slip at the
polyurea-concrete surface was ignored.
2. Based on coupon stress-strain test performed by Alldredge, elastic behavior was
assumed for polyurea in the stress range of above monotonic tests [14].
3. Tensile property of concrete and compression property of polyurea were ignored.
4. The tensile forces of the coating on both sides and bottom face were assumed that
apply to the center point of cross sections.
5. For ease of calculations, compression steel was not considered in the flexural
analysis.
The flow chart in Figure 4.2 represents cyclic steps and the proposed analytical
procedure. This analytical model indicates generally two results. First is the relationship
between the number of cycles and flexural rigidity (Flexural rigidity is defined as the
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force couple required to bend a non-rigid structure to unit curvature or it can be defined
as the resistance offered by a structure while undergoing bending.) and second is
deflection-number of cycles relation.

Figure 4.2 Flow Chart for Proposed Cyclic Analytical Procedure.

Mathcad program was used for above model to determine the flexural rigidity and
midspan deflection of three samples which include one control RC beam and two
strengthened RC beams with 2.5mm and 5mm polyurea coating systems. The relation
between cyclic steps and flexural rigidity is plotted in Figure 4.3 and increments of
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maximum deflections at mid-span midspan for three beams are presented in Figure 4.4
along with experimental results correspond to them.

Figure 4.3 Flexural Rigidity-Number of Cycles Relation
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Figure 4.4 Mid-Span Deflection versus Number of Cycles Relation

4.2 Statistical Analysis
In order to evaluate statistically the accuracy of the theoretical prediction method
in comparison with experimental results, Dose-Response analysis was used. The doseresponse curve in this study indicates the relationship between theoretical to experimental
deflection and numbers of loading cycles.
Since the numbers of recorded cycles span a large concentration range, the doseresponse relationship is represented in the semi-logarithmic shape. All deflection values
in experimental and theoretical data set normalized to a common scale. Normalizing
changes the curve to extend from 0 (for lowest recorded deflection) to 100 (Highest
recorded deflection) by definition. Therefore, it can be fairly confident of the accuracy of
minimum and maximum values. The nonlinear regression curves were fitted and
developed with GraphPad Prism for both methods (see Figure 2.1Figure 4.5).
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Figure 4.5 Normalized Mid-Span Deflection versus Number of Cycles

Results of F-test show that P value, (0.65) is much larger than the confidence
value (0.05) and F ratio of 0.4303 which is lower than the critical value. Therefore, it is
concluded that null hypothesis which, the variable of deflection are same for both
methods is not rejected.
The EC50 values which indicate the concentration of loading cycle that gives a
half-maximal deflection are 122,216 and 153,196 for theoretical prediction and
experimental results respectively. The model underestimates the number of cycles to
reach the mid-deflection by around 31,000 cycles. The hill slope or slope factor is a
parameter that quantifies the steepness of dose-response curves. In the current study, the
slope factor for experimental results shows the value of 0.55 while theoretical prediction
indicates the value of 0.39.
In another statistical attempt to validate above theoretical method, the t-test was
used for the population of data for every 50,000 cycle intervals. Results of P-value
(probability that null hypotheses which there is no differences between two sets is true)
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for normalized data in 50,000 cycles intervals are plotted in Figure 4.6. As it can be seen
the highest recorded values are between 100,000 to 1,000,000, which indicate theoretical
prediction methods are closer to experimental data in this range.

54

Figure 4.6 Loading Cycles versus P-Value (T-Test assessment between Theoretical and
Experimental methods)
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CHAPTER IV

5. CHARACTERIZITATION OF POLYUREA COATING SYSTEM WITH
CORRESPONDENCE PRINCIPLE

In this phase of the study, hysteretic stress-strain behavior of polyurea coating
system as a time-dependent component [77] is evaluated under cyclic loading. The
analysis has been done for high cycle (Low stress) samples (P-B-F-1 and P-B-F-6) which
were withstood for 2 million loading cycle.
When a viscoelastic material like polyurea is subjected to repetitive loading, three
general mechanisms happen; accumulation of damage due to microcrack and macrocrack
propagation; stress relaxation; and chemical healing across crack’s interfaces. A
methodology needs to be developed to evaluate all three mechanisms separately. In order
to simplify viscoelastic analysis, nonlinear elastic-viscoelastic correspondence principle
developed by Schapery was applied. Correspondence principle eliminates the time
dependence of the material by working on a transferred domain with transferred moduli
[78, 79].
Schapery proposed that the constitutive equations for certain viscoelastic media are
similar to those with the elastic cases, but stress and strain are not physical quantities in
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the viscoelastic components. They are represented as pseudo stress and pseudo strain
which are in the form of the following integrals [78].
∫
Where

,

and pseudo strain;

(5.1)

∫
physical stress and physical strain;

and

= pseudo stress

arbitrary constant reference modulus;

compliance and relaxation modulus respectively;

creep

time variable of the integral.

Three correspondence principles were presented by Schapery for different timedependent boundary conditions. In the current research, the second principle has been
considered, since it is appropriate for growing traction boundary surface, such as crack
growing problems when derivation of crack surface related to time is more than zero.
Using physical stress and pseudo displacement can change the nonlinear
viscoelastic problem to a linear elastic case. Although, the explicit form of the
constitutive equation between pseudo displacements and stresses is related to the
geometry of sample and loading as well as the type of material.

5.1 Constitutive Modeling of Polyurea
Polyurea is a history-dependent, rate dependent material. To model the behavior of
polyurea under realistic and complicated loading, it is necessary to evaluate stressinduced damage along with these properties.
In order to mathematically model the characteristics of polyurea, formulation of
internal state variable was used. It is proposed here that constitutive relationship form of
polyurea is as follow:
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t, T,

)

(5.2)

Where t = passed time from beginning of load application, T = temperature,
spatial gradients of temperature and

= damage parameter.

With assuming a constant temperature through entire space of material equation
(5.2) is written as:
t, T,

)

(5.3)

Based on nonlinear viscoelastic correspondence principle, constitutive form of
above equation is reduced as follow:
,T

)

(5.4)

In this project, it is assumed that polyurea is a thermorheologically simple
material which time and temperature are the same phenomena. This means that the
polyurea response versus time function translates with the change in temperature. It could
be restated that response of material to the load at a high temperature over short period is
similar to the response at a lower temperature during longer period. A consequence of
this is that the short term and long term asymptotes of relaxation modules will remain the
same value, regardless of the temperature. Therefore, using the concept of reduced time
ξ can simplify stress-strain relationship in the convolution integral and describe nonisothermal processes with isothermal equations.
(5.5)

Where A(T) = shift function which is obtained from horizontal conversion of the
relaxation modulus curve at different temperature to a single curve. This variable change
results in

.
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If during testing period temperature does not change, then constitutive equation is
simplified to

) and pseudo strains can be expressed by the following

equation:
(5.6)

∫

In the current dissertation, only uniaxial pseudo strain of polyurea coating with
constant temperature is considered; therefore pseudo strain is determined by:
(5.7)

∫

According to the above equation, pseudo strain is the function of two terms; the
relaxation modulus and the first derivation of strain function. The pseudo strain at each
specific time is calculated by integration of the product of these two terms from starting
load application to corresponding time.
The data obtained by attaching strain gauges on polyurea showed that stains did not
follow the some predesigned or assumed function with respect to the time. therefore, in
order to determine the first derivative of stain function, the numerical technique of least
squares was used. In this method, for any time intervals, the best fit data were determined
to represent stain variation in the corresponding time interval. The best fits in the least
squares were obtained by minimizing the sum of squared residuals (Difference between
fitted strains provided by model and observed strains).
5.2 Relaxation Modulus Prediction
Relaxation modulus as a function of time is expressed in the literature by different
forms such as, Pure Power Low (PPL), Generalized Power Low (GPL) and Modified
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Power Low (MPL). The PPL method is more common due to the simplicity of analysis,
but it is not an accurate method because of neglecting the portion of the elastic
compliance [80]. Kim used the PPL method to obtain relaxation modulus for asphalt
concrete. Although at the short term period the PPL eliminated the time dependency of
the material, but he concluded that the PPL does not express correctly the long-term
creep behavior of materials. The GPL method has shown a better fit to predict the
relaxation modulus [80], but obtaining the regression constants needs trial-and-error
efforts and it is more complicated. The PPL and GPL are expressed as the following
forms:
(5.8)
Where
analysis of

and

are the coefficients that can be determined by regression

and in logarithmic scales;

is the relaxation modulus at starting time.

The most analytical models of relaxation and creep data for viscoelastic materials are
represented by MPL method (5.9), because this method is capable of fitting data over
border time scale [81].
(5.9)

The constants

and

are derived from the short term and the long term

relaxation data asymptotes in a log-log plot of the relaxation modulus versus time
respectively. The constant
The time constant

is the negative slope of the section between two asymptotes.

can be specified by placing the geometric mean value of

to (5.4). The geometric mean value of relaxation modulus is defined by
where

is the time of the mean value.
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and
√

The performance of relaxation modulus tests is relatively complicated due to the
response of initial load as a result of an instant increase in stain input. Therefore, it is
preferable to determine elastic modulus from practical tests such as creep test. In this
study, results of long term experimental tests developed by Motlagh [77], were used to
determine the creep compliance and prediction of the relaxation modulus for polyurea.
He applied constant and continuous loads for 10,000 hours to six polyurea coupons. The
magnitude of total strain

was calculated from the sum of initial short-term strain

and time-dependent creep strain

as follow.
(5.10)

It is noted that the properties of polyurea in the current study were approximately
similar to Motlagh’s tests. Moreover, the same room temperature and environment
conditions were assumed for both testing programs.
The quasi-elastic approach was used to determine creep compliance of polyurea.
The creep compliance at each time was determined by dividing time-dependent strain
values by constant stress amplitude (5.11). The calculated creep compliance in this
method is roughly accurate for the quasi-elastic case where inertia is negligible.
(5.11)

Based on test results of Motlagh, uniaxial tensile creep curves for all six
specimens are plotted in Figure 5.1. The MPL method was used for entire time range to
obtain the best fit for data points; it is represented as a form of Equation (5.12)
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(5.12)

Figure 5.1 Uniaxial Tensile Creep Curves

According to the theory of linear viscoelasticity, when the load level in the creep
test is within the linear range, relaxation modulus can be predicted from creep
compliance. For linear viscoelastic material, a uniaxial stress-strain relationship is
displayed as the following equation.
(5.13)

∫

The stress input is unity and strain response was expressed by creep
compliance

, therefore (5.8) can be written as (5.9).
(5.14)

∫
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With respect to creep compliance in equation (5.12), a numerical technique was
used to predict the relaxation modulus of polyurea from (5.14). The MPL relaxation
modulus was expressed as the following form and it is plotted in Figure 5.2

(5.15)
(

)

Figure 5.2 Uniaxial Tensile Relaxation Modulus Predicted from Creep Compliance Data

5.3 Application of Correspondence Principle in Cyclic Load Condition
Cyclic stress-strain behaviors of polyurea for two beams (P-B-F-1 and P-B-F-6)
for two million cycles are shown in Figure 5.3. As expected, stress-strain loops were
formed for each cycle, and by reduction of dissipated energy, these loops were shifting to
the right-hand side of the graph.
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The concept of correspondence principle was applied to polyurea under repetitive
loading. Pseudo strains for coating system were calculated based on the first derivative of
strain function and relaxation modulus in the MPL method. Results of stress-pseudo
strain for two beams are plotted in Figure 5.4. As can be seen, calculated pseudo strains
could potentially eliminate the hysteretic loops that were formed with loading and
unloading cycles. It is also observed that stress-pseudo strain relationship in Figure 5.4
for both coating thicknesses is approximately linear. Results indicate that polyurea
behaved in a linear viscoelastic manner with negligible damage in this load range.
It is noted that these graphs show the slight growth of pseudo strains by increasing
thenumberofcycles.Itistheauthors’beliefthatdegradationofconcreteduetofatigue
loading which changed the applied stresses plus small damage in polyurea, made these
changes.

64

Figure 5.3 Hysteretic Stress-Strain Behavior of Polyurea Coating System (Bottom face of
mid-span): (a) P-B-F-1; (b) P-B-F-6
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Figure 5.4 Application of the Correspondence Principle to Data in Figure 5.3:(a) P-B-F-1;
(b) P-B-F-6
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CHAPTER VI

6. FATIGUE RESULT ANALYSIS

6.1 Fatigue Life
In this section of the dissertation, fatigue life analysis of RC beams with and
without coating system is presented.

Figure 6.1 shows a typical failure mode for

strengthened RC beams under cyclic loads. In all tests, the beam deterioration started
with steel fatigue ruptures first and then concrete crushing and finally beams failure. A
summary of fatigue test results is shown in Table 6.1. The minimum fatigue loads were
fixed at 12% of ultimate static loads and maximum fatigue loads were defined from 60%
to 85% of the ultimate strength of each beam.

Figure 6.1 Steel Rupture Mode
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Table 6.1 Summary and Results of Fatigue Tests
Beam

Coating
Thickness
(mm)

Total Cycles

Min Fatigue
Load (kN))

Max Fatigue
Load (kN)

Fatigue Load
Level

C-B-F-1

-

2,000,000

12%

19.1

60%

C-B-F-2

-

424,329

12%

20.6

70%

C-B-F-3

-

221,658

12%

22.1

75%

C-B-F-4

-

110,652

12%

23.6

80%

P-B-F-1

2.5

2,000,000

12%

20.1

60%

P-B-F-2

2.5

525,480

12%

22.5

70%

P-B-F-3

2.5

320,658

12%

24.1

75%

P-B-F-4

2.5

126,756

12%

25.7

80%

P-B-F-5

2.5

102,986

12%

27.3

85%

P-B-F-6

5

2,000,000

12%

22.4

60%

P-B-F-7

5

565,126

12%

24.2

70%

P-B-F-8

5

405,450

12%

25.9

75%

P-B-F-9

5

210,087

12%

27.7

80%

P-B-F-10

5

109,875

12%

29.4

85%

C = Control, F = Fatigue, P = Polyurea, B = Beam

For the strengthened beams, the number of cycles to failure produced a good trend
from 2 million cycles at a load level of 60% to 102,986 and 109,875 cycles at the load
level of 85% for 2.5 mm and 5 mm coating thickness respectively. At a maximum fatigue
load of 22.4 kN, a specimen with the ticker coating system withstood 2 million cycles,
whereas at the same loading amplitude RC beam with a thinner coating failed at 525,680
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cycles. At maximum fatigue loads of 24.2, 25.9, 27.7 and 29.4 kN specimens with 5mm
polyurea, failed at 565,126, 405,450, 210,087 and 109,875 cycles respectively.
In order to evaluate the effect of the coating system, the fatigue behavior of a
plain RC beam (unstrengthened) were also tested. At maximum fatigue loads of 20.6,
22.1 and 23.6 kN, which provide 70%, 75% and 85% of ultimate load, specimen failed at
426,329, 221,658 and 110,652 cycles respectively. While the same type of specimen
withstood until 2,000,000 cycles without failure under maximum fatigue load of 19.1 kN
that is represented 60% of the ultimate load. By comparing the specimens that withstood
until 2 million cycles, results indicate that polyurea coating system with 5 mm thickness
can increase maximum fatigue load level of the same type of beams at least by 18%.
Because there were no strain gauges installed on internal tension steel, an
analytical procedure in used to find stress and strain level in steel with respect to any
loading stage. The perfect bond between steel and concrete and also polyurea and the
concrete surface were assumed until either concrete crushes at compression or the steel
rupture in tension; so along the height of the beam, the plane section was considered for
stain distribution. In this way, the stress and strain in steel can be obtained according to
different load levels for both types of specimens, as they are presented in Table 2.1 .

Table 6.2 Predicted Steel Stress for Strengthened and Unstrengthened Beams
Beam

Fatigue
Load Level

Total Cycles

Max Stress
(Mpa)

Min Stress
(Mpa)

C-B-F-1

60%

2,000,000

193

36

C-B-F-2

70%

424,329

208

35

C-B-F-3

75%

221,658

225

36
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6.1.1

C-B-F-4

80%

110,652

288

42

P-B-F-1

60%

2,000,000

190

35

P-B-F-2

70%

525,480

202

35

P-B-F-3

75%

320,658

207

33

P-B-F-4

80%

126,756

259

39

P-B-F-5

85%

102,986

323

45

P-B-F-6

60%

2,000,000

186

34

P-B-F-7

70%

565,126

200

34

P-B-F-8

75%

405,450

228

36

P-B-F-9

80%

210,087

264

39

P-B-F-10

85%

109,875

312
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S-N Curves

6.1.1.1 Linear Regression of Basquin Law
The fatigue life curves, similar to other deterioration phenomenon are often
defined by power laws. Amongst them, modified Basquin law which has been typically
described high cyclic fatigue, represents an empirical relationship between the number of
cycles to failure N and stress magnitude S. Mathematically, due to the large number of
loading cycles in high-cycle fatigue, the relationship between S and N can be represented
in logarithmic form as
(6.1)
In order to simplification of analysis, the logarithm of fatigue life and stress
values are presented by y and x and re-express as:
(6.2)
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It is considered that fatigue life at typical stress level follows a log-normal
distribution in statistical analysis with a constant variance of log-life. In the linear
regression model, the unknown coefficient of a and b in the equation (6.1) is used to
minimize the following (sum of square for error) function, which define the sum of
squares of deviation of experimental values ( ) from expected values (

).
(6.3)

∑
The value of a and b can be found by satisfying the following equation:

(6.4)

Then, by solving equation (6.4), the constant of a and b are obtained as,
∑

∑
∑

(6.5)

∑
∑

̅

Where ̅ and ̅ are the average values of

̅

and

respectively.

In order to analyze the fatigue life of specimens in the current study and evaluate
the effect of polyurea on S-N curves, Figure 6.2 is presented to show the variation of
fatigue life with the number of cycles. The results of the cyclic tests confirmed that the
failure of all RC beams depends on fatigue properties of the tension steel.
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Figure 6.2 Stress Range in Reinforcing Steel versus Number of Cycles (S-N Curves from
Experimental Data)
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Based on linear regression analysis of Basquin law, Fatigue life models in
Equation (6.6) and (6.7) are proposed for unstrengthened and strengthened beams
respectively.

Unstrengthened

(6.6)

Strengthened

(6.7)

Where N= number of cycles to failure; and

applied stress ranges on the steel

(MPa).
To estimate the variance of the normal distribution for y, the following equation is
recommended which is assumed constant within the range of

[83] .
(6.8)

∑

It is clear that the confidence interval around experimental values provides a
region that shows the distribution of accrual S-N data and represents an estimation of
uncertainty of the true distribution. According to statistical F distribution, confidence
band around both sides of median with a certainty of 100(1-Φ) % is [83]
(

√

Where

∑

∑

)

(6.9)

∑

is determined by the probability of F greater than

is equal to Φ out

of the F distribution. ASTM [82] recommends the value of Φ = 0.05 provides interval
confidence of 95%. Figure 6.3 indicates S-N data for all beams (strengthened and
unstrengthened) along with 95% confidence bands (6.9) and linear regression fit (6.2).
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Figure 6.3 Linear Regression Fit, Confidence Band and S-N Data for all Samples

6.1.1.2 Regularized Linear Regression
While the linear regression method is usually used based on ASTM to obtain
parameters of power low, but empirical measurement might not continuously be
determined by experimental data. Tikhonov regularization method [85] is known to be an
effective technique to decrease the impact of measurement noise and solve the problem
of continues dependency of data. Tikhonov technique is the well-known stabilizing
method which takes the result of the least squares formulation (equation 6.6) and adds the
regularized terms to it. The purpose of Tikhonov method is to penalize the large value in
potential solution while still that matching model output has some degree to the exact
data [86].
The Tikhonov function is represented as:
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(6.10)

∑

The positive parameter of λ and

are recognized as the Tikhonov

regularization parameter and Tikhonov regularization coefficients respectively. The
regularization coefficients can be found by solving following minimizing equations [84].
(6.11)

Consequently, by solving equation (6.9), the regularized coefficient of

and

are obtained as:

∑

∑
∑
∑

∑

(6.12)

∑
∑

)

The degree of regularization should be adequately large to decrease the artifact
produced by noise, but not to be a large value to misrepresent the structure of the
solution. Therefore, the suitable selection of the regularization parameter is mainly
important; its value should be approximately equal to the imprecision of data. The
regularization method should provide a substitute method of estimated solution which
changes the convergence of noise level to zero. The Morozov discrepancy principle
(MDP) [87] is known for the best way to indicate the regularization parameter. The main
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concept of the principle is that the method should not create the outputs which are more
accurate than the error level in a given data set. Based on Morozov principle, the band for
measurement errors can be found as:
(6.13)

∑

The measurement error of δ is not practically known and previous values that
determined by the experimenters or equipment might not be employed. A good prediction
to determine the error in Morozov discrepancy principle might be the unbiased for
variance of obtaining data [86]. Then by the substitute of predicted error from the
equation (6.8) and regularization coefficient from the equation (6.12) to Morozov
discrepancy principle (6.13), a quartic algebraic equation is gained as:
(6.14)
Where coefficients of (

are defined based on MDP

By solving above equation regularization parameter is determined and
regularization coefficients are calculated. Regularized linear regression S-N data is
shown in Figure 6.4 in comparison with the linear regression model for all beams.
Moreover, the equations (6.15) and (6.16) represent the proposed fatigue life for steel
reinforcement without consideration of coating system
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Figure 6.4 S-N Data and Regularized Linear Regression Compared to Liner Regression

Linear regression

(6.15)

Regularized regression

(6.16)

In order to evaluate the regularized method in fatigue life prediction, a
combination of test results of unstrengthened samples from numbers of investigations
were used along with test data of current study. The new fatigue model was generated
using 25 samples (3 samples from the current experimental study and 23 from the
literature). In all tests, mechanism of failure took place similar to the samples in the
current program. Deterioration of RC beams initiated by rupture of tensile steel, which
caused overloading to the reaming rebar and then concrete crushing. The summary of test
results of all aforementioned literature for unstrengthened RC beams is listed in
Figure 6.3
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Table 6.3 Flexural Test Results for Unstrengthened RC Beams Subjected to Fatigue
Loading
Specimen
Cross
Frequency Cycles
Section
Hz
kN
kN
MPa
(mm)
Menghettii
70X140 100.5 2.8
11.2 50.68 202.7
11
5539183
70X140 100.5 2.8
11.2 50.68 202.7
11
7516903
70X140 100.5 2.8
16.8 50.68
304
11
443218
70X140 100.5 2.8
16.8 50.68
304
8
1927788
70X140 100.5 2.8
22.4 50.68
405
8
194514
70X140 100.5 2.8
22.4 50.68
405
8
383554
150x300 245.4
16
64
117
468
4
129952
150x300 145.4
16
54
117
395
4
270629
Barnes and
Mays
130x230 339
4
40
34
304
1
20000
130x230 339
3
32
29
243
1
732600
Papakonstanti 152X152

Heffernan
and Erki

Toutanji et
al.

152X152
152X152
152X152

253
253
253
253

3.3
4.4
3.3
3.3

43.6
53.4
62.3
40

27.9
37.3
27.9
27.9

369
452.4
527.8
338.8

2
2
2
3

275000
155000
80000
650000

150X300
150X300
150X300
150X303
150X300
150X300
150X300

700
700
700
700
700
700
1500

28.2
28.2
28.2
28.2
28.2
28.2
78

84.1
84.1
98
98
112
112
271

97.8
97.8
97.8
97.8
97.8
97.8
92.5

291.7
291.7
340
340
388
388
322

3
3
3
3
3
3
3

730000
1063000
290000
350000
160000
130000
335000

108X158
108X158
108X158

142
142
142

6.23
6.23
6.23

33.6
29.7
22.3

107.8
107.8
107.8

474
406
278

2
2
2

3167
57266
533587

The linear regression analysis and Tikhonov regularized regression analysis were
performed with regard to combinations of the above data and data obtained from the
current experimental program for unstrengthened beams. As it can be seen in Figure 6.5,
unlike previous graph regularized method represents a less conservative model in
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compare with the linear approach. Tikhonov-Morozov regularization technique reduced
the effect of measurement error successfully without remarkable change in the structure
of the fatigue life distribution which seems suitable for engineering safety standpoint.
Moreover, by consideration of both Figure 6.4 and Figure 6.5, it is observed that when
the fatigue life data are more scatter, the influence of regularization is more noticeable.
In this condition, the hyperbolas of confidence lines have the smaller radius of curvature
and regularization application is needed to provide continues depending on experimental
measurement.

Figure 6.5 Regularized Linear Regression Compare to Linear Regression Fit for Six
databases.
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The S-N curves shown in Figure 6.5 include the experimental models from the
current program as well as works done by other researchers. The reinforcing steel tested
axially in the air, in plain concrete and in FRP strengthened RC beams.
The fatigue life prediction of strengthened and unstrengthened concrete beams in
the current project represent a more conservative model in compare with other models
except work done by Papakonstantinou et. al [60]. It is noted that in all projects,
researchers proposed their model using linear regression method which is not perfect
prediction model since empirical parameters may not have continues dependence on
experimental measurements.

Figure 6.6 Theoretical S-N Curves from Various Researchers and Present study
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In another effort to represent the effect of a polyurea coating system, the numbers
of cycles to failure versus amplitude of applied loads for all samples are shown in
Figure 6.7 and Figure 6.8. Fitting curves from regression analysis of experimental results
are also plotted. The regression analysis shows that the fatigue live of strengthened
specimens with 5 mm coating thickness is about two times greater than unstrengthened
samples in the same load range. Moreover, it is represented that a polyurea coating
system with the thickness of 2.5 mm could improve the fatigue live of RC beams in the
same load level condition by about 50%. This was not predictable since strengthened
beams were subjected to the same load level as in non-strengthened beams. The healing
behavior and viscoelastic characteristics of polyurea during cyclic loads could be the best
reason to describe this phenomenon. The results indicate that application of a polyurea
coating system on RC beams improve the fatigue life of samples through two features of
the material. First, the tensile resistance of polyurea which is involved in strengthening
system (similar to FRP but with lower tensile strength) and reduce the stress level on the
steel rebar and extend the fatigue life of beams. Second, the excellent healing property of
polyurea under cyclic loads made it an acceptable strengthening system for RC beams.
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Figure 6.7 Load Level versus Number of Cycles (S-N Curves from Experimental Data)

Figure 6.8 Load Level versus Number of Cycles (S-N Curves from Experimental Data)
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6.2 Fatigue Behavior
6.2.1

Deflection Measurements
Evaluation of the damage growth regarding fatigue loading is best indicated by

stiffness loss which is represented by the accumulation of deflection with incrementing
numbers of loading cycles. The deflection increase due loading cycles is because of a
number of reasons. The slip between concrete and steel bar at cracks, wedging of debris
in flexural cracks (that increase cracks opening and crack width) and deboning
progressive of a strengthening system with the concrete surface are the main reasons for
damage accumulation [32]. Moreover, small pieces of concrete may fall into the cracks
interface and do not allow them to entirely close, which makes a small strain in the steel
rebar. Additionally, smoothening of the crack surface because of wearing action might
affect the damage accumulation in cyclic load conditions. Formation and growth of
cracks reduce the effective moment of inertia and accelerate deflection of beams.
The changes in midspan deflections with incrementing of a number of cycles for
all specimens tested under fatigue loading are represented in Figure 6.9. It can be
observed that in almost all samples there is an initial growth of midspan deflection which
follows by the steady region where deflection fairly remains persistent through loading
cycles. In almost all beams that failed after 200,000 cycles, midspan shows more gradual
deflection as the beams reach their fatigue life. This might be the results of a greater
number of cracks due to the larger number of cycles in those beams.
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Figure 6.9 Deflection versus Number of Cycles

It is also observed in control beams which failed in early cycles (C-B-F3 and C-BF-4); the deflection remained almost unchanged until approximately 10,000 before failure.
Nevertheless, increasing in rate of deformation changes in strengthened beams with the
thicker polyurea coating system occurs approximately 50,000 cycles before failure, which
make them easier for prediction of fatigue.
Figure 6.9 shows that the final deflection of control beams subjected to fatigue are
very close to deflection recorded in the monotonic test. But midspan deflections of
strengthened beams under fatigue loading are slightly different with two beams that were
tested under static loads. Results indicate that in all strengthened beams except P-B-F-2,
the ratio of ultimate fatigue deflections to the maximum static deflection are greater than
1. Therefore, it might conclude that healing properties and creep behavior of polyurea
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coating system under cyclic loading can improve the ratio of fatigue deflection to
monotonic deflection in comparison with unstrengthened samples.
For beams under repeated loading, the pre-existing micro-cracks, making single
confined macro-crack, afterward that crack start to spread along the weak section (which
in most cases cement-aggregate bond). The quick increase of deflection before failure,
which is 5-10% before fracture of reinforcement, indicates that approaching failure can
be noticed by monitoring the deflection.
The rate of stiffness degradation for all beams is similar to the rate of deflections;
rapid growth in the initial cycles and near the fracture while there is stabilized increase in
the middle stage. From observation in Figure 6.9, it can be concluded that the degree of
stiffness degradation is more noticeable when the upper load limits are above the
cracking load.
Figure 6.10 and Figure 6.11 show series of load-deflection curves at the
represented number of cycles for beams P-B-F-10 and P-B-F-7 respectively. The load
deflection curve of the similar beam that was tested monotonically was also plotted along
with them. The deflection curves for specimen P-B-F-10 indicated that the initial stiffness
of beam roughly sustained until before failure. One the contrary, specimen P-B-F-7
became remarkable more flexible at about 100,000 cycles before failure. These changes
happened in almost all beams that failed after 200,000 cycles. The reason might be due to
a large number of microcrack which originated and propagated gradually over the beams.
Inversely, in all samples that failed before 200,000 cycles, numbers of large macrocrack
may cause the failure.
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Figure 6.10 Load-Deflection Curves of P-B-F-10

Figure 6.11 Load-Deflection Curves of P-B-F-7
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Three of beams which were subjected to high fatigue load are chosen here for a
detailed discussion. Figure 6.12 is plotted that displays midspan deflection versus number
of cycles in specimens C-B-F-4, P-B-F-4 and P-B-F-9.
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Figure 6.12 Load vs Deflection Curves (C-B-F-4, P-B-F-4 and P-B-F-9)

It can be seen that, apart from the first load cycle in each beam, the hysteresis
curves are very similar to each other in cycles close to the fatigue life. For any cycle, the
load deflection curve displays a downward region and an upward section which closes
the hysteresis loops. The areas restricted by loops are almost similar which represents
constant dissipation of energy due to microcracking and cracking progress. The slopes of
these loops are descending very slowly by cycling progress, indicating the gradual
stiffness loss of the beams. Both downward and upward sections are made of sine waves;
the first branches are convex and the seconds are the concave shape. This behavior
becomes more notable near the fatigue life which residual (creep) deflection, gradually
growths with the loading cycle.
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In all beams, the areas confined in the first loop of load-deflection curves are
pointedly larger than following cycles. It specifies that the energy dissipated in the first
cycle is more distinguished than other cycles during the test. Moreover, the upward
section of fist loops contains two different slopes, because of the fact that remarkable
crack appeared in the beam at this points of loading. The decrease in dissipated energy
point out that beams reached the full crack state at the initial step of cyclic loading. Then,
the amount of energy dissipation can be used to express the degree of damage in the RC
beams.
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CHAPTER VII

7. CONCLUSIONS AND FUTURE RECOMMENDATIONS

7.1 Conclusions
In this study fatigue performance of strengthened RC beams with an external
application of polyurea coating system were evaluated. Experimental works were done in
order to validate the analytical model; the cyclic behavior of polyurea was characterized
according to the correspondence principle. Moreover, regression fatigue life models were
proposed for both types of beams. The following conclusions are drawn based on
described investigation and experimental results:


The polyurea coating system provides additional reinforcement for RC beams and
increased the flexural capacity as well as ductility of samples. Although the doubling
of the thickness level improved the flexural capacity, but it did not make an extreme
effect on the ductility of samples.



An analytical model was proposed for low cyclic loading which indicates the
deflection and rigidity change of strengthened and unstrengthened beams with an
increment of loading cycles.
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The correspondence principle represents an acceptable model for damage growth and
fracture healing of the external polyurea coating system in fatigue load condition.
Moreover, results presented in this research expressed that when the cyclic load
amplitude is low, the pseudo strain concept reduced hysteretic behavior and provides
a linear relationship between pseudo strain and tensile stress in polyurea.



In general, the test results indicated that application of 2.5 mm polyurea to RC beams
did not contribute to fatigue life enhancement for high amplitude cyclic loading.



The linear regression models along with the regularized regression models were
created for prediction of fatigue life. It was represented that while there is sparse
fatigue life data, linear regression might not have continuous dependence with
experimental measurements. Then, using Tikhonov-Morozov regularization method
can reduce measurement error without substantial change in the structure of the
fatigue life distribution.

7.2 Recommendations for Future Research
Further research is needed in order to encompass the effects of polyurea on
fatigue and monotonic behavior of RC beams. Following are some recommendations for
future research and investigations.


The model for cyclic loading should compare with other samples with different
concrete age and properties.



Future research is advised to investigate the fatigue performance of RC beams
strengthened with a discrete fiber reinforced.
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To improve the analytical model, the bond-slip in polyurea-concrete surface and
steel-concrete should be considered in upcoming research. Moreover, in the
current research, simplified predictions of cyclic dependent elastic modulus for
concrete were considered while there is a need to develop a more descriptive
model using finite element analysis.



Evaluation of damage and healing for polyurea in needed in different stress
amplitudes and strain rates under fatigue loading



More experimental testing is required to study the fatigue behavior of RC beams
strengthened with other types of polyurea in different curing conditions.
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8. APPENDIX A – An Example of MATHCAD Calculation for Analytical Model
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